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Clitnatological significance of 6180 in precipitation and ice 
cores: a case study at the head of the Uriitnqi river, 
Tien Shan, China 
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ABSTRACT. Stable-oxygen-isotope rat ios (818 0) of precipitation and icc-co rc sampl es 
collected from the h eadw aters of the Uri.imqi river, Tien Shan, C hi na, were used to test t he 
r el atio ns hip between 818 0 and cOlll emp ora ncous surface air temperature (Ta). A strong 
t empor al rel at io ns hip is found between 81 1 0 in pr ecip itati on and Ta, p articul arly for the 
monthly averages which r em ov e synopt ic -scal e influences such as ch anges in condensation 
level, condensation temperature and moisture sources (Yao and o thers, 1996). Linear fits as 
high as 0.95%0 °C-I for pr e cip itation events and 1 .23%0 °C-I for monthly averages are found. 
A lt hou gh the 818 0 am p litu de in ice cores drilled at the nearby Uri.imqi gl ac ier �o. I 
(",,2 km from th e pr ec ip itation s ampling site) d ecr ease d d ram at ic al ly compa red to the pre­
cipitation s ampl es , the ice-core records o[ annu ally averaged 818 0 are s till p osit ivel y corre­
lated with contemporaneous air temperaturc, esp ecially summer air temp era ture, at the 
nearby: D axigo u m et eor ol ogica l station. Ncvertheless, the relat i onsh ip between the ice­
core 880 records and cont emp oraneou s ai r te mper at ur e is less signi fic ant than that [or 
the p recip it ati on samples d ue to depositional and post-depositional modific«ti on processes, 
which are highli ghted by the successive sn ow -p it 818 0 pro fi les from the Uri.imqi glacier 
�o. I. Our results m ight ex ten d t he app licat ion of high-altitude an d subt rop ica l ice-core 
818 0-1:, records for pa leoclim at e reconstruction. 
1. INTRODUCTION 
The climatological significance of 8 18 0 in precip itatio n 
from the trop ics an d sub trop ics has received much less atten­
tion than that of 81110 in p re cip itat io n from the pol ar 
regions. However, pioneering work by Rozanski and others 
(1992), using the past three decades o[ 8 18 0 of mo nthl y pre­
cipitation and s urface air t emp eratu re avai lable through the 
International Atomic Energy A ge ncy - \Vorld Mete oro logi­
c al O rga nization global network, indicated that the s lope 
values of 8IBO-Ta varied from 0.71 [or high-latitude areas 
to v ir tu al l y zero in t he tropics where a strong re lations hip 
between 818 0 and prec ip itat ion amount is usually observed 
(Dansgaard, 1964; Grootes a nd oth ers , 1989). Alternately, a 
" . .  . IT " r � 18 0 d �D I preCIpitation-amount eHcct lor u an u was a so 
obscrvcd both on Himalayan slop es and in the southern/ 
c entral region of the Qinghai Tibetan Plateau (Wus hiki, 
1977a; vVake and Sticvenard, 1995). Howev er, recent work 
suggests that the 818 0 \'a lu es of p re cip it ation samplcs col­
le ct ed on the northern Qinghai- Tibet an Pl at eau during 
t he p eriod 1991 -94 are p ositivel y correlated to T" (Yao and 
others, 1996), with sl ope s of linear fit ranging from 0.29%0 to 
0.6 7%oOC I. 
On mountainous glaciers, there is ev id enc e of seasonal 
snowmelt resulting directly from the large seas onal tem­
peraturc rangc and the intense summer radiation, and a sig-
nificant part o[ the annual accumulation o[ snow is removed 
by mel ting and subli mat ion (e .g. Dunde ice cap in the 
Qilian Shan, China; Th omps on and others, 1988). Thus the 
seasonal 818 0 oscillations in precipitation arc r apid ly re­
duced during re crystalliz atio n, in thc prese nce o[ percolat­
ing meltwater (Arnason, 1969). Sim ul tan eousl y, iso top ic 
[ractionation occurs, leavi ng t he sol id phase enriched rela­
tive to the liquid phase (Arnason, 1969; BlIaSOn, 1972). 
Grabczak and others (1983), using the bl80 and 8D profil es 
from two cre"ass es on temperate gla ciers high in the Andes 
and in the Hi malaya, suggestcd, however, that the short ­
and lo ng-term isotopi c variations can still be observed in 
the deep er parts of such gl aciers . 
Despi te the st ron g temporal re lat ionship between 818 0 in 
pr ecip itatio n and Ta on the northern Qinghai Tibetan Pla­
teau, 30 year records of annu ally a\' eraged 818 0 from three 
differc nt i ce-cor ing sites in this region are not correlated sig­
n ifica ntl y with the contemporaneous air-temperature records 
from their co rrespo ndi ng clo sest met eorolo gi cal stations (150 -
200 km away) (Yao and ot hers , 1996). Seasonal d is trib ut ion of 
the pre cipitatio n, post-depositional modification o[ the ori­
ginal isotop ic s ign als in p recip it at ion , and elevation difTer­
ences between the ice-coring sites and their cor respo nding 
closest meteorological stations are known to affect the 818 0-
Ta rel atio nship . Several ice cores recently drilled from the 
Qinghai -Tibetan Plateau for p alc ocl im ati c reconstru ct ion 
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(Thompson and others, 1989, 1997) necessitate a better under­
standing of the 8180-Ta relationships in precipitation, as well 
as in glacicr ice in this region. 
From the beginning of June 1995 to the end of June 1996, 
precipitation sampling was conducted at the Daxigou me­
teorological station (DMS; Fig. 1) at the head of the Uriimqi 
river, Tien Shan, northwest China, at 3545 m a.s.1. From 1 1  
May to 16 June 1996, a series of snow pits (T in Fig. I )  were 
also sampled at the nearby Uri.imqi glacier No. I (1.84 km2 in 
area) at 4040 m a.s.l. During May 1996, two ice cores 2 m 
apart were also recovered at the snow-pit sampling site 
(TS-l and TS-2 in Fig. I). Thesc data provide a special oppor­
tunity to test the 8180-Ta relationships in precipitation in the 
mid-latitude mountainous region, to identify the effect of the 
post-depositional processes on the ice-core 8180 records, and 
to compare the ice-core 8180 records to the contempora­
neous annual surface temperature recorded at the nearby 
DMS which has been in continuous operation since 1959. 
Fig. 1. Sampling sites: DMS, Tand TS standJor the Daxigou 
meteorological station (also the precipitation sampling site), 
the snow-flit sampling site and the ice-core drilling site, 
respectively. Inset map shows the location qf the Tien Shan in 
relation to geographic and politicalJeatures qf northwest China. 
2. METHODOLOGY 
The study site (43.05° N, 86.49° E) is surrounded by large de­
serts on the north, south and east sides. The nearest sea is 
located> 3000 km away, so the region is dominated by clas­
sic inland climate conditions. The weather conditions in the 
study area are influenced by the obstacle effect of the 
Qinghai-Tibetan Plateau. Since the j et stream maintains 
its west-east orientation along the Tien Shan around the 
northern part of the Qjnghai-Tibetan Plateau (Reiter, 
1981), it carries the moisture originating in the Atlantic 
Ocean and/or the Mediterranean Sea to the study site (Li 
and Xu, 1984). The annual average surface air temperature 
and precipitation at the DMS are -5.3°C and 440.6 mm w.e., 
respectively, for the period 1959-96 (unpublished data). 
Precipitation (snowfall and rainfall) samples were col­
lected for each precipitation event during the observation 
period. To eliminate contamination and sample carryover, 
identical sampling procedures were used throughout the 
study (Yao and others, 1996). Plastic containers used for col­
lection were dried (if necessary) and cleaned with a brush 
between samples. After collection, each sample was placed 
in a clean plastic bag, melted at about 20°C and poured into 
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pre-cleaned high-density polyethylene bottles, and the tops 
were sealed in wax to avoid evaporation or diffusion. Bottled 
samples were transported to the Laboratory of Ice Core and 
Cold Regions Environment, Chinese Academy of Sciences, 
and kept in a cold room at -20°C until 8180 analysis was 
performed using a Finnigan MAT-252 Spectrometer (preci­
sion 0.05%0). Relevant meteorological conditions such as air 
temperature at the beginning and end of each precipitation 
event, cloud type, wind speed, wind direction and humidity 
were recorded for each precipitation sample. 
The first snow pit was dug on 11 May 1996, when little ab­
lation of the winter snow had occurred. It was partially re­
filled after sampling, and sampling on successive days 
involved digging it out and refacing the sampling surface by 
at least 30 cm. The same strata were resampled on each occa­
sion after allowing for accumulation or ablation. Snow 
samples were transferred into pre-clcaned polypropylene bags 
with plastic scoops for further processing as discussed above. 
The ice-core samples were processed in the field by 
scraping with a clean stainless knife to obtain a contamina­
tion-free center sample. Table tops and tools were modified 
or covered with plastics. The TS-l and TS-2 ice cores were 
cut into disks at 3 and 5 cm intervals, respectively. Samples 
were then transferred into polyethylene bags for further 
processing as discussed above. 
3. RESULTS AND DISCUSSION 
3.1. The positive 8IBO-Ta relationship in precipitation 
The 81BO values of the precipitation samples show a broad 
variation; the minimum value of -38.24%0 was obtained on 
24 January 1996, and the maximum value of 0.97%0 on 3 
August 1995. The ari thmetic average value of 8 180 for the 
samples collected during July and August 1995 is -7.13%0. 
From 9 July to 17 August 1981, precipitation samples col­
lected at the same sampling site had 8180 values ranging 
from -16.0%0 to -1.0%0, with an arithmetic mean average of 
-7.15%0 (Watanabe and others, 1983). No significant differ­
ence is found between these arithmetic averages. 
Following Yao and others (1996), we plot the 8180 and 
contemporaneous air temperature for individual precipita­
tion events during the period of observation in Figure 2a; 
the linear relationship between 8180 and Ta for all indivi­
dual precipitation events in Figure 2b, and the linear rela­
tionship between 8180 and Ta for individual summer 
precipitation events (May-October) in Figure 2c. These 
plots validate the normal assumption that 81BO is more 
negative when Ta is cooler and less negative (even positive) 
when Ta is warmer. The slope of the 8IBO-Ta relationship 
for all precipitation events is 0.95%0°C I, which is higher 
than that reported in other mid-latitude to tropical regions 
(Rozanski and others, 1992; Yao and others, 1996) and i n  
polar regions (Dansgaard and others, 1964; Jouzel and Mer­
livat, 1984; Mosley-Thompson and others, 1990; Peel, 1992). 
Since in the Tien Shan, ,,-,90% of the precipitation occurs 
during summer, we exclude 8180 values of winter precipita­
tion samples and plot the rest in  Figure 2c. The strong rela­
tionship between 8180 and Ta is still apparent, albeit with a 
lower slope (0.92%oOC I) . These results support the sugges­
tion by Rozanski and others (1992) that the isotopic compo­
sition of precipitation seems to be m ore sensitive to 
temperature fluctuations in mountainous regions than in 
low-altitude areas. 
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Fig. 2. (a) The relationship between 8/80 and contemporaneous air temperature (Ta) for individual precipitation events. (b) 
The linear relationship between 0/80 and Tafor all individual precipitation events. The correLation is significant at p = 0.001. 
(c) The Linear relationship between 0/80 and Tajor summer individual precipitation events. The correlation is significant at 
p = 0.001. 
Although the linear correlation of o IBO-Ta for the indi­
vidual precipitation events (Fig. 2) is positive, variations in 
0180 do exist that are not attributable to changes in Ta. 
Other factors, such as the diITerent vapor sources (not signif­
icant in our study site), diITerent transport patterns of vapor 
in the atmosphere, average "rain-out history"of the air mass, 
and diITering temperature struclUres which control the con­
densation temperature (Gedzelman and Lawrence, 1982; 
Covey and Haagenson, 1984), can aITect the olsO-Ta rela­
tionships to diITerent degrees (Gedzelman and Lawrence, 
1982; Covey and Haagenson, 1984; Fisher and Alt, 1985; 
Rozanski and others, 1992). Moreover, in the interior of con­
tinents, e.g. at our precipitation sampling site, the re-evapo­
rated moisture plays an important role in the atmospheric 
water balance (Ingraham and Taylor, 1986). Another poten­
tially important influence on the 0180-1;, relationship is the 
amount eITect (Dansgaard, 1964; Wushiki, 1977 a; Wake and 
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Sticvenard, 1995), which is more common in tropical regions 
and less important in mid-latitudes (Crootes and others, 
1989; Rozanski and others, 1992). 
As suggested by Jouzel and others (1987), a stronger 
0180-7;, relationship can be expected when individual pre­
cipitation events are aggregated into monthly averages, 
which minimizes the i nfluence of synoptic-scale diITerences. 
Figure 3 shows the arithmetic month Iy-averaged 0180 
plolLed against the monthly-averaged ai r temperature. T he 
slopes of linear fit are 1.23%0 cC 1 for all months (Fig. 3a) 
and 1.19%0 cC 1 for summer months (Fig. 3b). The coeffi­
cients (R) for the 0180 - Ta relationship of monthly averages 
are much higher than the R values for the individual preci­
pitation events. Undoubtedly, the substantial reduction in 
the number of data points (degrees of freedom) results in 
higher errors for the slopes. As suggested by Rozanski a n d  
others (1992), the long-term 61sO-Ta relationship [or a given 
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Fig. 3. The Linear relationship between monthly-averaged 6/80 and month(y-averaged air temperature T,�: (a) annuaL; (b) summer. 
Both are significant at p = 0.001. No precipitation sampLes were coLLected during November-December 1995 and Februa1y-March 
/996. 
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location is believed to be the most appropriate for pal eo­
climatic reconstruction, because it covers a widc range of 
differcnt "climatc". 
3.2. The ice core 8180-Ta relationship 
The ice cores were dated using a variety of different seasonal 
indicators (e.g. stable isotopes, major anions and cations) 
from comparison between the TS-l and TS-2 ice-core 
records, and comparison with the mass-balance data of the 
Urumqi glacier No.1 (Chinese Academy of Scienccs, 1982-
95). The final dating results are 22 years for theTS-l ice core 
and 24 years for theTS-2 ice core (see Fig. 4). 
By tritium analysis of the ice samples from a crevasse wall 
at the hcad of Khumbu Glacier, Mount Everest, Miller and 
others (1965) concluded that two strata are deposited in a 
single accumulation year. One segment represents accumu­
lation during the summer monsoon, and the other accumu­
lation during the months of prevailing winter storms. 
Wushiki (1977 b) also suggested such a conclusion based on 
the deuterium-content profile of ice cliffs on Kongma Glacier, 
Khumbu. This stratigraphic characteristic is also apparent in 
our 8180 profiles of the TS-l ice core (Fig. 4), which is sup­
posed to be formed at the beginning and end of each ablation 
season, when the firnification process is controlled by the 
thaw-freeze cycles. 
Figurc 4 shows the 8180 profilcs of the TS-l and TS-2 icc 
cores, together with the annual and summer air tempera­
ture recorded at the nearby DMS. The 8180 values of the 
ice-core samples range from -12.57%0 to -7.74%0, with an ar-
Year 
1..995 1990 1985 1980 1.975 
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� -11 2'i 
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Fig. 4. 8180 profiles Jar the TS -1 and TS -2 ice cores> compared 
with corresponding annual and summer sUlface air tempera­
ture as measured at the DMS. Thejour coarse solid lines show 
the smoothing trend using Gaussian weighting coifficients, 
approximately equal to 5 year moving average, and the gray 
dashed lines indicate annual ice layers. 
ithmetic average of -10.1 %0. Compared to the prccipitation 
samples, thc 8180 amplitude in ice cores decreases signifi­
cantly. However, thc distinct annual to seasonal variability 
of 8 180 values can still be preserved in a fixed annual ice 
layer. Factors that may contribute to the preservation of the 
depositional variability are the presence of numerous ice 
layers in the snowpack, acting as physical obstacles against 
meltwater percolation, and thick superimposed icc layers 
that may prevent further smoothing of the 8180 seasonal 
signal in underlying ice layers. 
Although the TS-l and TS-2 icc cores were cut at different 
intervals, similar 15180 profile features, especially for the 
smoothing lines, are apparent. The ice-core 8180 smoothing 
lines also follow the air-temperature records, particularly for 
the summer (May-October). As rv90% of the precipitation 
falls in the summer-half of the year, and 15180 is only recorded 
during precipitation, it is reasonable to expect that the 15180 
from an annual icc-core layer records the summer avcragc air 
temperature of the corresponding year. For further b180-Ta 
comparison, we calculate the mean annual 8180 value for 
each year by averaging all sample 15180 values between two 
adjacent annual 15180 peaks, and plot the annually averaged 
15180 against the contemporaneous annual, summer and 
winter surface temperature (Fig. 5). Apparently, both the 
TS-l and TS-2 ice-core 8180 records might provide a proxy 
of the summer air temperature, because the lincar slopes 
against the summer temperature are not only highcr than 
that against the annual or winter temperature, but also very 
similar (0.3 8 for the TS-l ice core, and 0.40 for the TS-2 ice 
core). Wc notice that the significance of the regression coeffi­
cients is far from satisfactory. However, they at least show 
some progress compared to the results of Yao and others 
(1996) where thc R2 for annually averaged 8180 from the ice 
cores vs surface air temperatures at the closest meteorological 
station is only in the range 0.000-0.011. Thompson and others 
(1993) demonstrated that the 5 year running mean of the 
annual 8180 averages from the Dunde ice cap (one of Yao 
and others' three ice cores) was strongly correlated 
(R2 = 0.25, significance 99.9%) with the 5 year running 
mean of the Northern Hemisphere annual temperatures from 
1 895 to 1985. However, such work is not expected here due to 
the limitation of our short ice-core records. We propose to 
drill another relatively long ice core from Uri.imqi glacier 
No. 1, and wish to press this question further. 
3.3. Depositional and post-depositional m.odifica­
tion of ice-core 15180 records 
The relationship between the ice-core 8180 records and 
contemporaneous air temperature is less significant than 
that for the precipitation samples due to depositional and 
post-depositional processes. 
As suggested by Yao and others (1996), the air-tempera­
tu re data reflect an equal weighting of monthly temperatures, 
while the ice-core 15180 record is skewed toward wet-season 
precipitation. It is unrealistic to expect the 8180 from an 
annual layer in ice cores to record the annual average air 
temperature of the corresponding year. This fact may ac­
count for the different linear-fit slopes and correlation signif­
icance between contemporaneous annual, summer and 
winter surface temperature records and the annually aver­
aged ice-core 15180 records. 
The isotopic signal in snow pack may be further modi­
fied by post-depositional processes. In polar snow and firn, 
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the isotopic homogenization connects to recrystallization of 
the grains via the vapor phase, e.g. storms and barometrie­
pressure changes cause vertical ai I' movements, particularly 
in the upper fIrn, where mass exchange between the strata is  
further accentuated by high temperature gradients 
(Dansgaard and others, 1973). Such processes can, however, 
also happen in mountainous glacier snow and firn, espc­
cially during the winter-half of the year. Diffusion in the 
vapor phase also causes considerable interstratificial mass 
exchange (Dansgaard and others, 1973). In Iow-accumu­
lation areas, the seasonal 8180 oscillations are simply miss­
ing due to redistribution by snowdrifting or lack of winter 
(summer) snow, which introduces small-scale and local de­
positional noise (Fisher and others, 1983). As shown in Fig­
ures 6 and 7, the TI snow pit was sampled at the ice-core 
drilling site on II May 1996 when no snowmelt was observed 
in the snow-pit stratigraphic profIle, and the minimum 8180 
val ue in the snow pit is �23.29%0, which is much higher than 
the 81HO values observed in the winter precipitation samples 
(e.g. �3S.8S %0 on 10 January 1996, and �38.24%0 on 24 Janu­
ary 1996). Therefore, the effect of wind-scouring has also 
been observed on an ice cap, Ellesmere Island, Canada, 
where the annual mean 8180 at an ice divide was 2.S%0 less 
negative than 1.2 km downslope (Fisher and others, 1983). 
The effect of snowmelt-percolation processes on the ice­
core 8180 records may be studied using a set of successive 
snow-pit stratigraphic and 8180 profIles (Figs 6 and 7). 
Because the surface of the snow pits changed with time, wc 
adj ust the bottoms of all the snow pi ts to the same 9S cm 
depth. The 1'1 snow pit was sampled at intervals of exactly 
10 cm. Each 8180 value presents the average of i ts COrITS­
ponding depth range, which covers different stratigraphic 
snow and firn layers. The minimum 81110 value of �23.29%0 
is present in the middle of theTI snow pit, which was accu­
mulated during the winter season. The relatively high 81!lO 
values in the upper and bottom layers correspond to the ac­
cumulation deposited during the spring and previous 
autumn seasons. It is apparent that the 8180 profIle of the 
1'1 snow pit resembles the temperature history during the 
accumulation period. 
TheT2 snow pit was dug 3 days later and sampled at its 
stratigraphic layers. The measured snow pack temperatures 
were below �2.S°C. Disregarding the upper IS cm new snow 
layer, the 8180 values of the T2 snow pit swing around those 
of the TI snow pit. During the period of the T2 and T3 
sampling dates, no precipitation event occurred. Though 
the measured temperatures in the upper layers of the T3 
snow pit exceed O°C at noon, the snowpaek below 70 cm re­
mained negative, and several percolation ice layers (or ice 
lenses) had formed. However, the 81HO profIle of the T3 
snow pit preserved the original isotopic characteristics. 
Thick superimposed ice layers formed at the bottoms of 
theT 4  and TS snow pits, and the 8180 amplitudes decreased 
dramatically compared with that of the former snow pits, 
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especially in the superimposed ice layers where the 8180 
values range only from - 14.84%0 to -12.57%0. These values 
are close to the smallest 8180 (- 12.57%0) as o bserved in the 
ice cores. Because of the rapid formation of the superim­
posed ice layer, snowmelt cannot penetrate into the under­
lying annual ice layers. Thus the modification of the 
snowpack 8180 variations o ccurs only within  a certain 
annual layer. 
Koerner (1997) concluded that early summer melt will 
cause melting of the very negative (cold) - 8 winter/spring 
snow which lies near the surface_ The meltwater then perco­
lates down to refreeze within, or at the base of, the current 
annual snowpack. Further melt may cause runoff of less 
negative (warmer) -8 snow deposited during the early 
winter/fall period. A very negative (cold) - 8  snowpack 
remains (Fig_ 7). However, the remaining very negative 
(cold) - 8  snowpack does not necessarily correspond to the 
winter precipitation with minimum 8 values, but rather to a 
mixture of snow deposited during the winter h alf of the year. 
In addition, similar melting and percolation processes can 
� 
o " 
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Fig. 7 The successive 8180 prrifiles ofsnow pits T1 to T5 that 
were collected during the early-summer melt period. 
be expected to h appen year by year. Isotopic enrichment by 
partial melting o f  the snow cover can be roughly estimated 
by assuming a R ayleigh-type removal of meltwater from the 
system (Moser and Stichler, 1980). Nevertheless, such isotopic 
enrichment should influence the ice-core 8180-7:"1 records, in 
such a way that the final isotopic composition of the glacier 
ice is shifted in t he same direction (Grabczak and others, 
1983), or even enhance the climatic significance of ice-core 
8 180 records, because more enrichment in heavy isotopic 
content accom panies higher ablation ,  that is, generally due 
to higher air temperatures. This guarantees the climatic sig­
nificance of ice-core 8180 records from areas of very heavy 
mclt, especially on  a long time-scale_ 
4. CONCLUSIO NS 
Our data provide the first observations of the relationship 
between the contemporaneous temperature and 8180 in pre­
cipitation and ice-core samples from theTien Shan. Although 
post-depositional processes certainly decrease the signifi­
cance of the relationship between 8180 of thc precipitation 
samples and contemporaneous temperature, a positive 
8180-Ta relationship is still observed in ice cores collected 
from the nearby Urumqi glacier No. I. The presence of 
numerous ice layers in the snowpack and rapid formation of 
the superimposed ice layer guarantee preservation of the 
seasonal 8180 variation in icc cores despite the dramatic 
decrease in amplitude. Other factors, such as the seasonal dis­
tribution of the annual precipitation, isotope diffusion in the 
snow and firn layers, snowpack redistribution caused by 
snowdrifting, and the heavy-isotope-content enrichment 
caused by the partial melting of the snow and firn layers, have 
a potential but perhaps less important  influence on the ice­
core 8180 record_ Nevertheless, the climatic significance of 
mountainous ice-core 8180 records can be preserved in tem­
perate glacier ice, which might demonstrate that the ice-core 
climate records can be obtained from less than ideal environ­
ments, thus expanding the number of sites in the world where 
such climatic records could be collected. 
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